The Mongolian gerbil (Meriones unguiculatus, Gerbilinae: Muridae) is useful for prostate studies, because both males and females spontaneously develop prostatic disorders with age. Estrogens regulate prostate homeostasis via two estrogen receptors, ER alpha (ESR1) and ER beta (ESR2), but the cellular distribution and regulation of these receptors in the gerbil prostate has not been described. Both receptors were localized by immunohistochemistry in the ventral prostate of intact male and female gerbils, in males 7 and 21 days after castration, and in females treated with testosterone for 7 and 21 days. In male and female adult gerbils, ER alpha was detected mainly in prostatic stromal cells, whereas ER beta was present mostly in secretory and basal cells. More ER alpha-positive stromal cells were found in females than in males, as was a reduction toward the male value in females treated with testosterone. Castration did not alter ER alpha expression. Testosterone was necessary for maintenance of ER beta in the male prostate epithelium: ER beta expression declined markedly in prostates of males older than 1 yr, and castration of 4-mo-old males caused a reduction in ER beta to levels seen in 1-yr-old males. Because ER beta is an antiproliferative receptor, its loss with age may predispose the aging gerbil to proliferative diseases of the prostate.
INTRODUCTION
Androgens are responsible for differentiation and development of prostate as well as for support and maintenance of prostatic tissue in adult males [1, 2] . Androgens also regulate the development and progression of age-related diseases in men, including benign prostatic hyperplasia and prostate cancer [3] [4] [5] . However, although androgens play a dominant role in prostatic growth, 5a-androstane-3b,17b-diol (3bAdiol), an estrogenic metabolite of 5a-dihydrotestosterone (DHT), is the major estrogen in the prostate, controlling prostatic growth via its interaction with estrogen receptor (ER) beta [6] .
The Mongolian gerbil (Meriones unguiculatus, Gerbilinae: Muridae) is a rodent that spontaneously develops prostatic disorders, such as prostatic intraepithelial neoplasias, adenocarcinomas, and microinvasive carcinomas [7] . The mechanisms involved in these pathologic processes are still under investigation. The prostate, a gland that is widely studied in males because of the high incidence of prostate disease, can also be found in some female mammals, including humans [8, 9] and rodents [10] [11] [12] [13] [14] . The female gerbil prostate is morphologically and biochemically similar to the ventral lobe of the male prostate [13, 15] , and as in humans, it may also develop benign and malignant pathologies [9, [16] [17] [18] [19] , and at an even earlier age than in males [18, 20, 21] . In addition, during the estrous cycle, the female gerbil prostate undergoes epithelial and stromal alterations as the hormonal environment changes [22, 23] .
In rats, mice, and men, high levels of estradiol cause regression of the prostate mostly through feedback inhibition of the release of gonadotropins from the pituitary. In the gerbil as well as in other rodents, administration of ethinyl estradiol promotes proliferative and dysplastic epithelial alterations as well as remodeling of the extracellular matrix [24] [25] [26] [27] .
The cellular actions of estrogen are mediated by two members of the nuclear receptor gene family, ER alpha (ESR1) and ER beta (ESR2), each acting at a particular time of prostate development and each eliciting selective and sometimes opposing actions [28] [29] [30] . ER alpha is responsible for the development of the prostate gland before puberty [31] , whereas ER beta seems to be more important during later periods of prostate development, such as puberty and adulthood, acting together with other factors in inhibiting growth and regulating differentiation [30] [31] [32] .
The effect of hormonal manipulations on the prostatic structure in the Mongolian gerbil has been studied in recent years in both males [33, 34] and females [27, 35] . However, although it is an estrogen-responsive organ, the expression pattern of ERs in the gerbil prostate has not been fully described. In the present study, we used immunohistochemical techniques to examine the cellular distribution of ER alpha and ER beta in the ventral prostate lobe of adult male and female gerbils and investigated the influence of testosterone on expression of these receptors. The animals were randomly divided into control (free from hormonal manipulation, n ¼ 5) and experimental (n ¼ 5) groups. Female controls (age, 3-6 mo) were grouped according to estrous cycle phase, which was determined from vaginal smears as described previously [36] . Females in the experimental groups received subcutaneous injections of testosterone (1 mg/kg of testosterone cypionate diluted in corn oil; Novaquimica Sigma Pharma) every other day and were killed 7 and 21 days after the beginning of treatment. The initial injection was always given at the proestrous phase of the cycle.
Male gerbils (age, 4-12 mo) were used as controls and were free of any manipulation. Adult gerbils (age, 4-6 mo) from the experimental groups were castrated while under anesthesia with ketamine (800 ll/kg) and xylazine (200 ll/kg). Prostates were examined 7 and 21 days after castration.
Histological Processing
To collect the prostates, the animals were anesthetized by CO 2 inhalation and killed by decapitation. The female prostates and the ventral lobe of male prostates were fixed by immersion in 4% paraformaldehyde (24 h, room temperature) or in methacarn (methanol/chloroform/acetic acid, 6:3:1; 3 h; 48C). Tissues were dehydrated in an ascending series of ethanol, cleared in xylene, embedded in Paraplast (Merck), and then subjected to immunohistochemical analysis.
Immunohistochemistry
The immunohistochemical staining procedure was optimized at the Center for Nuclear Receptors and Cell Signaling at the University of Houston. Histological sections (section thickness, 5 lm) from all experimental groups were analyzed by immunohistochemistry with antibodies specific for ER alpha and ER beta. The antibodies used and their specifications are described in Table  1 .
After removal of paraffin and rehydration of the sections, antigens were retrieved by incubation in citrate buffer (pH 6.0) at 978C for 15 min. Endogenous peroxidase was quenched with 3% H 2 O 2 diluted in 50% methanol, and nonspecific proteins were blocked by incubation of the slides in bovine serum albumin (BSA) diluted to 3% in PBS plus 0.1% NP40. Primary antibody was diluted in 1% BSA in PBS plus 0.1% NP40 at concentrations from 1:100 to 1:200, and slides were incubated overnight at 48C. For the immunoperoxidase assay, slides were rinsed in PBS, incubated with biotinylated secondary antibodies followed by VECTASTAIN ABC kit (Vector Laboratories Ltd.), and visualized with diaminobenzidine. Sections were counterstained with Mayer hematoxylin. Negative controls were obtained by omitting the primary antibody-incubation step.
Quantitative and Statistical Analysis
The total number of stromal cells of both male and female prostates was counted from 30 microscopic fields randomly selected from each experimental group. A minimum of 1000 cells were counted, and the percentage of immunoreactivity (IR) was calculated as the number of ER alpha-positive stromal cells divided by the total number of stromal cells. The intensity of staining was not taken into consideration, and all cells with positively stained nuclei were considered to be positive.
Data are expressed as the mean 6 SD. Statistical analysis was performed with the software Statistica 6.0 (StatSoft, Inc.). One-way ANOVA was used to determine the possible differences between groups, and Tukey honestly significant difference test was used to determine the significance of differences found. A P-value of 0.05 or less was considered to be statistically significant.
RESULTS

ER Alpha (ESR1)
In the prostates of both young male and female gerbils, staining for ESR1 occurred exclusively in the prostatic stromal cells, preferentially in the nuclei of fibroblasts and smooth muscle cells, whereas secretory epithelial cells showed no positive reaction for ESR1 with either of the two antibodies tested (Figs. 1 and 2 and Table 1 ). However, in 12-mo-old males, some positive epithelial cells were seen in addition to the stromal cells (Fig. 2, M and N) .
Changes in the expression of ESR1 were also observed regarding the phase of the estrous cycle in young untreated females, with the highest expression found in the estrous phase, followed by a decrease in diestrus I and diestrus II ( Fig.1 and Table 2 ).
Quantitative analysis for ER alpha IR in the experimental groups is illustrated in Figure 3 . The number of ESR1-positive nuclei in the stromal compartment of female prostates averaged 56% 6 8%, a value significantly higher than that in the ventral prostate of the male gerbil (P ¼ 0.0001), in which only 13% 6 4% of stromal cells stained positively for this nuclear receptor. Castration-induced testosterone ablation caused no significant increase in the number of ESR1-positive cells in males, whereas treatment of females with testosterone for 21 days led to a more male-like expression, with a significant decrease to 28% 6 6% in the number of ESR1-positive stromal cells (P ¼ 0.0001).
ER Beta (ESR2)
The pattern of ER beta staining was similar in 4-to 6-moold male and female gerbil prostates. This nuclear receptor was present in the nuclei of most epithelial secretory cells as well as in some cells of the basal layer. In addition, ESR2 was observed in the nuclei of smooth muscle cells and fibroblasts of the stromal compartment. However, in 12-mo-old gerbils, only a few ER beta-positive epithelial or stromal cells were found (Fig. 4, M and N) . Similarly, castration of 4-to 6-mo-old males resulted in downregulation of ER beta in the ventral prostate, and in most acini 7 and 21 days after castration, ER beta staining was either undetectable or extremely weak.
In females, ER beta expression was changed according to the phase of the estrous cycle, with its highest level during proestrus and gradually decreasing in estrus, diestrus I, and ROCHEL-MAIA ET AL. ROCHEL-MAIA ET AL.
diestrus II (Fig. 1 and Table 2 ). Treatment with testosterone in young females led to a decline in ESR2 expression, with very few ER beta-positive cells after 7 days of testosterone treatment. However, after 21 days, some weak ER beta staining could be found in the nuclei of several epithelial cells, including basal cells (Fig. 4) .
DISCUSSION
In the present study, we have shown that ER alpha is expressed in the stroma and ER beta in the epithelium and stroma of the young gerbil ventral prostate in both males and females. More ER alpha-positive stromal cells were found in females than in males, and administration of testosterone for 21 days to females reduced the number of ER alpha positive cells toward the male value. Thus, testosterone appears to be a repressor of ER alpha expression. This finding concurs with previous reports on testosterone regulation of ER alpha in the prostate gland [38] .
Interestingly, unlike the case with ER alpha, testosterone was necessary for ER beta expression, which was lost from the prostate after castration and in 1-yr-old male gerbils. This loss of ER beta would favor proliferation and suggests that as testosterone levels decrease, the risk for proliferation and, thus, cancer increases. In elderly men whose androgen levels are low, testosterone replacement is now recommended [39] . Because testosterone increases proliferation, the fear remains that androgen replacement might increase the risk of cancer. However, our results suggest the opposite-that is, when testosterone is present, the pathway for regulating prostate growth (ESR2) is in place. The question that remains is whether the need exists for an ER beta ligand along with testosterone replacement. In the prostate, DHT is converted to 3bAdiol, an endogenous ER beta ligand and an important part of the feedback mechanism through which androgens via androgen receptor (AR) stimulate growth, whereas 3bAdiol via ER beta represses growth in the prostate [6, 40] . In prostate cancer, ESR2 is lost, and so is the enzyme that catalyzes the conversion of DHT to 3bAdiol [40] . It remains to be determined whether the synthesis of 3bAdiol occurs in the aged gerbil prostate and whether an ER beta ligand would be of benefit when testosterone is replaced.
Like ER beta, AR is expressed in the nuclei of the basal and luminal epithelium [41] . Castration leads to a decrease in AR in both epithelial and stromal cells [41] and to involution of the gland characterized by atrophy and death of epithelial cells as well as remodeling of extracellular components [35, 42, 43] . Thus, it appears that androgens are necessary for expression of both AR and ER beta.
Unlike the male prostates, in which ablation of testosterone resulted in a downregulation of ESR2, treatment with testosterone reduced ER beta expression in female prostates. Santos et al. [13] have demonstrated that testosterone administration to female gerbils led to prostate hypertrophy with increased production of prostatic fluid and epithelial cell dysplasia, such as PIN, atypical hyperplasia, and mucinous adenocarcinomas. One of the most likely explanations for these actions of testosterone in females is conversion to estradiol-17b and activation of the stromal ER alpha. Stromal ER alpha activation together with loss of epithelial ER beta expression could be related to these adverse effects of testosterone in the female gerbil. Several studies show an association of ER alpha with the development and progression of benign and malignant diseases of the prostate. It has a proliferative action, and when activated, it can trigger anomalous epithelial proliferation, inflammation, and development of premalignant lesions in the prostate of rodents [5, 28, 44] . Although ER alpha is detected in the stroma, the cross-talk between stroma and epithelium is an integral part of ER alpha-mediated response to estrogen in the prostate gland [44] , and activation of stromal ER alpha can elicit a proliferative response in the epithelium.
The expression pattern of ESR1 and ESR2 is similar in male and female gerbils, with ESR1 mainly stromal and ESR2 mainly epithelial. ESR2 is lost from the epithelium of the male prostates as gerbils age, whereas ESR1 emerges in the prostate epithelium in 12-mo-old gerbils. These changes may contribute to the development of proliferative prostatic disease with age. ER beta is also lost after castration, indicating a mutual regulation with AR and suggesting that upon testosterone replacement, both the proliferative and antiproliferative pathways of androgen signaling would be restored and excessive prostatic growth prevented. 
